becomes associated with a region of the specificity loop
The properties of one such mutant, K302E/ K303E, are that was previously involved in promoter contacts in shown in Figure duction of 11-13 nt products (an increase from 17% to Earlier work demonstrated the importance of the non-27% of the total as compared to the wt enzyme) and a template (NT) strand of the DNA in displacement of the decreased production of transcripts beyond 13 nt (a transcript and the stability of a halted EC (Gopal et al., decrease from 2.1% to 0.8% of the total). In contrast to 1999; Mentesana et al., 2000) . In this work, we have other mutant RNAPs that exhibit a generalized decrease explored the effects of altering or interrupting the NT in processivity due to an impaired catalytic activity strand in the initiation region of the promoter on the (Bonner et al., 1994), the decreased processivity of the transition to an EC. We found that disruptions in the NT K302E/K303E enzyme commences at 13 nt and is not strand, or substitutions that prevent its annealing to accompanied by an increased production of shorter (5-9 the template (T) strand, result in dramatically increased nt) products or of polyG products, which arise by tranrelease of transcripts during the transition from 11-13 script slippage.
nt. Mutant RNAPs that have substitutions in the RNA
While the effects of the K302/K303E mutations were exit pore are particularly sensitive to these changes, evident on the bubble template, the effects were not as suggesting that they are compromised in their ability to apparent on the ds template. In subsequent experiments resolve the transcription bubble and/or to capture the using quench flow methods, we have found that, relative displaced RNA. We also characterized a structural eleto the wt enzyme, the K302E/K303E enzyme exhibits a ment (the "RNA displacement loop") that has been prosignificant pause during the transition at 13 nt on the posed to be involved in displacement of the transcript, ds template (S. Patel, personal communication). Further as well as elements that are likely to be involved in experiments to examine the kinetics of this transition resolving the upstream edge of the transcription bubble.
by the wt and mutant enzymes are underway. The enhanced release of transcripts of 11-13 nt on Results the bubble template correlates with the observation that the collapse of the transcription bubble to its final size The RNA Exit Pore Mutations in the exit pore may result in a reorganization of the RNAP that accompanies the transigreater dependence on the presence of the NT strand tion to an EC. These regions include a portion of the because they reduce the ability of the RNAP to capture core subdomain (residues 56-87) and the C-linker (258-the displaced RNA and/or prevent proper assembly of 265). In comparative views of the IC and the EC, the the pore. The presence of a complementary NT strand enlarged exit pore is clearly visible, and the displaced in the initiation region in the ds template is expected to RNA transcript is observed emerging toward the suraid in RNA displacement and/or resolution of the bubble, face; the positively charged region corresponding to and therefore diminish the effect of the mutation. (How-K302 and K303 is particularly prominent (Figure 1) . ever, a definitive demonstration of the proposed interacTo examine the potential importance of interactions tion would require the characterization of the intermedibetween the transcript and the exit pore during the tranate states that occur during the transition from the late sition to an EC, we substituted positively charged residues in the exit pore with negatively charged residues.
IC to the EC). another in which these residues were substituted with a positively charged residue (arginine; 3R mutant); and a best visualized in Figure 6A ). These considerations led us earlier to suggest that this loop (here termed the third in which these residues were substituted with a bulky noncharged residue (methionine; 3M mutant). Rel-"RNA displacement loop") might facilitate separation of the nascent transcript from the hybrid (Tahirov et ative to the wt enzyme, the mutant enzymes exhibited a decreased ability to extend transcripts beyond 7 nt al., 2002).
We used two approaches to examine this hypothesis (most noticeably for the 3R mutant), consistent with a role for the displacement loop in a process that com- (Figure 3) . First, we altered the charge and structure of the loop by replacing three amino acids at the tip of the mences at ‫8ف‬ nt. The observation that the 3R mutation results in a more dramatic effect than the 3A and 3M loop (Q58, E63, and D66). Second, we altered the charge Figure 3B , the ratio strands around the start site for transcription [ϩ1] will be located at the upstream edge of the bubble when of products of 6-8 nt versus products of 11-13 nt was almost 2-fold greater when initiation was carried out in the RNA:DNA hybrid achieves a length of 8-9 nt.) We next examined the interval surrounding the start the presence of guanosine than in the presence of GTP.
site over which the complementarity of the NT strand is important ( Figure 4B ). We found that a mismatch at ϩ1 The NT Strand plate, which is noncomplementary over a broader range gion (the first 2-3 bp at the upstream edge of the hybrid). Instead, the results presented in Figure 4C indicate that (from Ϫ4 to ϩ5; cf. templates B and F). A mismatch at Ϫ1 (template G) resulted in slightly enhanced release of the transition to a fully processive EC requires a physically intact and complementary NT strand as far down-7-8 nt products, but the overall pattern of transcription appeared to be similar to that of the ds control template stream as 6-10 bp. These results suggest that occupancy of the NT strand binding channel may be required (template A). We conclude that the presence of a complementary NT strand at the initial site of RNA displaceto stabilize the complex during the final transition to an EC and/or that the presence of duplex DNA downstream ment (the first two base pairs at the upstream end of the RNA:DNA hybrid) is critical during the transition at from the bubble contributes to the stability of the complex. Among the conformation changes that accompany 7-9 nt and that additional complementary NT strand bases downstream of ϩ3 are important for the transition the transition to an EC is the formation of a "flap" domain (or subdomain H) involving residues 152-205 (Tahirov through 11-13 nt.
To resulted in disappearance of the novel band and restoraTo explore the role of these elements in RNA displacetion of the intensity of the template band (lanes 4-7). As ment and termination, we examined the effects of a control, we utilized a template in which the NT strand is changes in this region of the RNAP and changes in the not complementary to the T strand downstream of ϩ28 topology of the T and NT strands on termination ( Figure  (template B) . Transcription of this template is expected 5A). In agreement with previous results, we found that to give rise to an extended RNA:DNA hybrid, either due the class II termination signal must be double stranded to failure to displace the RNA or due to reannealling of in order to function efficiently and that use of a template the product. As shown in lanes 8-10, a similar RNase that lacks a complementary NT strand results in poor H-sensitive band was observed after transcription of termination (template C). Significantly, the same result this template by wt RNAP, and the mobility of this band was observed on a bubble template in which the temwas restored to its pretranscription (template) position plate is double stranded at the termination signal but upon treatment with RNase H. We conclude that the lacks a complementary NT strand in the initiation region 3R mutant, like the del172/173 mutant, gives rise to a persistent RNA:DNA hybrid. (template B). This observation supports the notion of a the upstream and downstream boundaries of the interruptions are: template D, Ϫ5/Ϫ4; template E, Ϫ4/Ϫ1; template F, Ϫ4/ϩ5; template G, Ϫ4/ϩ9. The templates were transcribed by wt RNAP, and the products were resolved as in Figure 2. (B) T and NT strands are depicted as in (A). In templates D-G, the NT strand is mismatched at ϩ1; ϩ1 and ϩ2; ϩ1, ϩ2, ϩ3; or Ϫ1; respectively. (C) T and NT strands are depicted as in (A). In templates C-H, the downstream boundary of the NT strand extended to Ϫ5, Ϫ1, ϩ6, ϩ10, ϩ15, and ϩ22, respectively 
Discussion
tively charged pores for RNA exit and substrate entry, and channels to accommodate upstream and downstream DNA. As T7 RNAP carries out all the steps in the A variety of studies have indicated that the transition from an IC to an EC may involve multiple phases. In this transcription cycle in a manner that is nearly identical to that of the ms RNAPs (McAllister, 1997), it seems study, we focused largely upon changes that occur late in the transition process, as the RNA is displaced from likely that the structural elements in T7 RNAP that are responsible for RNA displacement and resolution of the the template and emerges to the surface. The results shed light on various elements of the "upstream zipper," transcription bubble have counterparts in ms RNAPs.
Elsewhere it has been noted that a "destabilizer loop" which functions to displace the transcript and facilitates reannealling of the T and NT strands. in the sigma subunit (which has two highly conserved acidic residues at its tip) is positioned to interact with We found that the NT strand of the DNA plays an important role during these transitions 
